Appropriate and fast analytical methods are required for plantoriginated foods, given the great significance therein for food safety, human health and social economic development. In this study, a highly sensitive and fast method of QuEChERS (acronym of quick, easy, cheap, effective, rugged, safe) combined with isotope dilution-ultra performance liquid chromatography coupled to tandem mass spectrometry was developed for the simultaneous determination of 19 plant growth regulators in plant-originated foods. The samples were initially extracted with acetonitrile containing 1% acetic acid and then the QuEChERS method was applied after the pH value was adjusted to 5.5 -6.0, using 3-indolepropionic-d2 acid and forchlorfenuron-d5 as internal standard. The targeted 19 plant growth regulators were separated on an HSS T3 column using acetonitrile: 5 mmol/L ammonium acetate as the mobile phase. Quantitative results were based on multiple reaction monitoring mode after ionization in positive and negative electrospray ionization mode. Good linearity was achieved within a wide range and all the correlation coefficients were greater than 0.997. The limit of quantification was 0.060 -6.0 μg/kg. Rate of recovery and relative standard deviation were 72.3 -115.8 and 1.78 -5.32%, respectively. The method was successfully applied to measure 19 plant growth regulator residues in 280 plant-originated commercial foods collected from local supermarkets in China. Twelve plant growth regulators were found in some of the analyzed samples.
Introduction
Plant growth regulators represent one of the most important pesticides, regulating several processes of plants such as growth, sprouting and maturity as well as protective responses against stresses from drought, cold and high temperatures. 1, 2 Plant growth regulators are usually grouped into different categories, such as auxin, gibberellin, cytokinin, abscisic acid, ethylene, epibrassinolide, etc. 3 In recent years, plant growth regulators have been increasingly used in plant-originated foods with residuals possibly found in plants, fruits and vegetables. However, any plant growth regulator is considered a kind of pesticide and would produce a certain toxicity when being used excessively. 4 As such, many countries have established their own maximum residue limits (MRLs) for some plant growth regulators. 5 For example, China has stipulated MRLs for twelve kinds of plant growth regulators. 6 Nonetheless, the determination of such regulators is still highly challenging due to their distinctive distribution and trace concentration in plant-originated foods. Until now, a number of methods have been developed to quantify individual plant growth regulators, including enzymelinked immunosorbent assay (ELISA), 7, 8 gas chromatography (GC), 9, 10 liquid chromatography (LC), [11] [12] [13] gas chromatography mass spectrometry (GC-MS), 14, 15 liquid chromatography mass spectrometry (LC-MS) 16, 17 and capillary electrophoresis (CE). 18 Among these methods, LC-MS has been proven an effective method for plant growth regulator analysis in the last few years. 19, 20 General extraction procedures like liquid-phase extraction, 21, 22 solid-phase extraction 23 and dispersive solid phase extraction 24, 25 have been employed to purify plant growth regulators in plantoriginated foods. Meanwhile, in recent years the QuEChERS (acronym of quick, easy, cheap, effective, rugged, safe) method has been widely adopted around the world for extraction, shortly after being originally published by M. Anastassiades, S. J. Lehotay, D. Stajnbaher and F. J. Schenck in 2003. It now probably represents one of the world's most employed approaches for sample preparation in pesticide residue analysis. [26] [27] [28] [29] [30] [31] [32] Meanwhile, isotope dilution mass spectrometry has been widely used in food safety analysis because of the high precision, high accuracy, and simple pretreatment for samples.
But, nonetheless, these methods are suited for routine quantitative and qualitative analyses of plant growth regulators in vegetable samples or determination of several plant growth regulators.
Little literature has been seen addressing simultaneous determination of plant growth regulators using isotope dilution-ultra high performance liquid chromatography coupled to tandem mass spectrometry (UPLC-MS/MS). In such context, this study introduced a novel, precise, fast and suitable method of QuEChERS combined with isotope dilution-UPLC-MS/MS to determine 19 plant growth regulators in plantoriginated foods simultaneously (see Fig. 1 for the structures). The method exhibited high sensitivity, selectivity and good linearity but less matrix effects, with its validity being justified after having been applied to different plant-originated foods collected from local supermarkets in China to measure the 19 plant growth regulator residues.
Experimental

Reagents and chemicals
Paclobutrazol (PA), 6-benzyladenine (6-BA), indole-3-acetic acid (IAA), 3-indolepropionic acid (IPA), 3-indolebutyric acid (IBA), tetrahydropyranyl benzyladenine (PBA), kinetin (6-KT), chlormequat chloride (CCC), uniconazole (UN), daminozide (B9), zeatin (ZT), mepiquat chloride (Pix), gibberellic acid (GA3), 2,4-dichlorophenoxyacetic acid (2,4-D), thidiazuron (TDZ), forchlorfenuron (CPPU), 4-chlorophenoxyacetic acid (4-CPA), 2,3,5-triiodobenzoic acid (2,3,5-TIBA) and 2-naphthoxyacetic acid (2-NOA) were supplied by Dr. Ehrenstorfer GmbH (Augsburg. Germany). 3-Indolepropionic-d2 acid and forchlorfenuron-d5 were purchased from CDN (Canada). Acetonitrile and acetic acid (optima ® LC/MS) were purchased from Fisher Science. Ammonium acetate was purchased from CNW (Germany). Magnesium sulfate, sodium acetate and sodium chloride were purchased from Beijing Chemical Reagents Factory (Beijing, China). C18 sorbent was purchased from Agilent (USA). Ultrapure water was obtained through Milli-Q gradient water system (Millipore, Bedford, MA, USA). Matrix solid phase dispersion-extraction pipe (adding 100 mg magnesium sulfate anhydrous plus 50 mg C18) were purchased from Waters (USA).
Apparatus
Samples were analyzed by using Waters Acquity TQS tandem quadrupole mass spectrometer (Waters, Manchester, UK) for electrospray ionization (ESI) in both positive and negative ion modes. Data acquisition was realized through MassLynx 4.0 software with QuanLynx program (Waters).
Standard preparation
Stock standard solutions of individual compound were 
Sample preparation
All plant-originated foods were sampled from supermarkets and farmers markets in Jilin province (Northeast China).
An aliquot of 10.0 g was taken and added into 10 mL acetonitrile containing 1% acetic acid, 50 μL 3-indolepropionic-d2 acid (1.0 mg/L) and forchlorfenuron-d5 (1.0 mg/L). The resulting mixture was shaken for 1 min in an end-over-end manner, then mixed with 6.0 g MgSO4 and 1.5 g NaCl was introduced and finally shaken again for the same span of time in the same way after the pH value having been adjusted to 5.5 -6.0 by using sodium acetate. Subsequently, the mixture was centrifuged at 10000 rpm for 3 min for the removal of debris. Then, 2 mL supernatant collected therefrom was then dispensed into matrix solidphase dispersion-extraction pipe (adding 100 mg magnesium sulfate anhydrousplus 50 mg C18), shaken end-over-end for 1 min and then centrifuged at 10000 rpm for 5 min. The extracts were filtered with 0.22 μm membrane before the analysis.
UPLC-MS/MS analysis
For UPLC detection, separation was conducted on an Acquity UPLC HSS T3 column, 100 × 2.1 mm, 1.7 μm (Waters). First, 2 μL of each sample was injected into the column. The column temperature was maintained at 35 C. The UPLC mobile phase consisted of 5 mmol/L ammonium acetate (A) and acetonitrile (B). The gradient duration was 15 min at a constant flow rate of 0.3 mL/min in the analysis. The analytes were eluted using linear gradients of 0% B from 0 -1 min, 0 -70% B from 1 -12 min, 70% B from 12 -14 min, and 0% B from 14 -15 min.
The column eluent was directed to the mass spectrometer for analysis. The strong needle wash solvent was 90:10 acetonitrile:water and the weak needle wash solvent was 10:90 acetonitrile:water. For MS/MS detection, the capillary voltages were 2.8 kV(-) and 2.9 kV(+) in positive and negative ion modes, respectively. The source temperature was 150 C and desolvation temperature 500 C. The cone gas (nitrogen) and desolvation gas (also nitrogen) were set at flow rates of 90 and 1000 L/h, respectively.
Results and Discussion
Optimization of UPLC-MS/MS conditions
To develop a new method for simultaneous determination of 19 plant growth regulator residues in plant-originated foods, UPLC chromatographic and MS/MS conditions were optimized. Several experiments were performed to test different mobile phases consisting of water or water with 0.1% formic (v/v) or 5 mmol/L ammonium acetate as inorganic solvent and methanol or acetonitrile as organic solvent. The results showed better separation and sensitivity in the case of acetonitrile and 5 mmol/L ammonium acetate mobile phases gradient for each one of the 19 plant growth regulators.
MS/MS parameters were optimized by direct infusion of standard solution. ESI in positive and negative ion modes were evaluated. The result showed that PA, 6-BA, IAA, IPA, IBA, CCC, B9, Pix, PBA, 6-KT, UN and ZT were detectable in positive ion mode while GA3, 2,4-D, 4-CPA, CPPU, 2,3,5-TIBA, TDZ and 2-NOA were identifiable in negative ion mode, which provided better performance. Both full-scan MS spectra and MS/MS spectra were acquired. Fragmentor voltages for precursor ion and collision energies for product ions were also optimized, with the optimum values for each condition and each compound summarized in Table 1 .
Optimization of extraction procedure
Some plant growth regulators are easy to degrade in acidic or alkaline media, making the existing QuEChERS method inapplicable for sample preparation. Based on the original QuEChERS method, we used sodium acetate to adjust the pH value to 5.5 -6.0 in this study. The results showed that the improved method can effectively suppress the degradation of some plant growth regulators. Table 2 shows the effects imposed by the type of extractant solvent on recovery and quantification limit in strawberry matrix spiked level was 10.0 μg/kg. Commonly are used adsorbent materials such as C18, graphitized carbon black (GCB), neutral alumina (Al) and primary secondary amine (PSA). The experiment showed a higher adsorption capacity with C18 than with GCB, Al and PSA. C18, when being used as purification materials, was able to effectively remove matrix interference such as pigments and fatty acids, and the targeted compounds showed a higher recovery rate. The details are presented in Fig. 2 . It was observed that GCB, Al and PSA for different plant growth regulators have certain adsorption properties, and they were not suitable for 19 plant growth regulator multiresidue analysis purification. Therefore, we finally chose C18 and magnesium sulfate as adsorbent.
Selection of stable isotope dilution
Matrix effects are the main factors affecting quantitation in LC-MS instrumentation. These matrix effects are influenced both by the characters of analytes and the matrix. This situation can lead to ion suppression or enhancement of MS signals due to the effect of the matrices. So on-matrix calibration is necessary. However, compared with those previously reported methods, one on-matrix calibration cannot be regarded as representative calibrant for all matrices of analytes. Because of the instability of some plant growth regulator residues extracted from plant samples and possible matrix effects with certain matrices, a stable isotope dilution assay was applied. This study employed stable isotope dilution as internal standards to quantify 19 plant growth regulators in MRM analysis, with the addition of 3-indolepropionic-d2 acid and forchlorfenuron-d5 as stable isotope dilution into the samples prior to the extraction.
In this study, we used noncontaminated bean sprout matrices and respectively added 19 plant growth regulators at concentrations of 10.0 μg/kg and 19 plant growth regulators of the same concentration but with stable isotope dilution. A total of six replicate measurements were performed and calculated with on-matrix calibration (bean sprout). The results indicated that the determined levels of plant growth regulators were significantly lower compared with the case when a stable isotope dilution agent was introduced as modification to determine the calculated value. Calibrated results were actually closer to the added value (Fig. 3) . There was significant difference between the on-matrix calibrations and the on-matrix calibrations using the stable isotope dilution method. The use of stable isotope dilution as internal standard gave good recovery rates from 72.3 to 115.8%. In comparison, the use of on-matrix calibrations had low recovery rates from 52.5 to 87.6%. These data clearly demonstrate the advantage of using stable isotope dilution as internal standard for quantitative analysis of 19 plant growth regulators and revealed the stable isotope dilution as a reliable 
Method evaluation
The method was assessed in terms of calibration curve, linearity range, accuracy, precision and limit of quantification (LOQ) by using noncontaminated strawberry matrices spiked to three different levels ( 
Sample analysis
The developed method was successfully applied to simultaneous analysis of the 19 plant growth regulator residues in 280 samples and the results (Table 4) indicated that this method was suitable for the determination of these residues in plant-originated foods. It could also be observed that plant growth regulators are often used in plant-originated foods, given 12 plant growth regulators were found in some of the analyzed samples. Detection rates of grape, watermelon, kiwi fruit, cherry, strawberry, waxberry, bean sprouts, potato, tomato, cucumber, and eggplant were 52.4, 30.0, 85.7, 66.7, 35.7, 100.0, 56.7, 60.0, 40.0, 45.4 and 16.0%, respectively. Notably, four plant growth regulators were detected in a single sample but none were identified in orange samples and LOD was outstripped in horred cucumber samples. Especially, we noticed that the concentrations of GA3 in soybean sprouts were high, ranging from 2.77 to 528 μg/kg. This was found for the first time in Jilin province (Northeast China). However, to be noted, GA3, 6-BA and 4-CPA are not allowed in bean sprout production in China. As such, we should pay serious attention to this finding and intensify the monitoring of plant growth regulator residues to improve food safety of plant-originated foods.
Conclusions
In this study, a novel, precise, fast and suitable method of QuEChERS combined with isotope dilution-UPLC-MS/MS was developed for the simultaneous determination of 19 plant growth regulators in plant-originated foods. The separation of 19 plant growth regulators was completed within 15 min. Extraction by means of QuEChERS proved to be simple and fast. Due to the instability of some plant growth regulators, especially in the presence of plant matrices even in acidic or alkaline solutions, stable isotope dilution was applied and sodium acetate was used to adjust the pH value to 5.5 -6.0 during the analysis. In addition, the method was applied to determine the same 19 plant growth regulators in 280 samples. In conclusion, the developed method is simple, quick and effective and the satisfactory results have demonstrated its suitability for the determination of the 19 plant growth regulator residues in plant-originated foods, as well as its value in practical application due to low-cost and short-circle.
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